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Abstract

Purpose (4S)-4-(3-'*F-Fluoropropyl)-L-glutamate (FSPG) positron emission tomography (PET) reflects system x¢_ transporter
(xCT) expression. FSPG PET has been used to detect brain, lung, breast and liver cancer with only modest success. There is no
report on the use of FSPG PET in pancreatic ductal adenocarcinoma (PDAC), presumably because of normal xCT expression in
the pancreas. Nonetheless, the tissue-specific expression of xCT in the pancreas suggests that FSPG PET may be ideal for
identifying metastasized PDAC.

Methods The performance of FSPG in detecting PDAC metastases was compared with that of '*F-fluorodeoxyglucose (FDG) in
small-animal PET studies in seven PDAC tumour-bearing mice and in prospective PET/computed tomography (CT) studies in 23
patients with tissue-confirmed PDAC of stage III or stage IV. All PET/CT results were correlated with the results of histopa-
thology or contrast-enhanced CT (ceCT) performed 3 and 6 months later.

Results In the rodent model, FSPG PET consistently found more PDAC metastases earlier than FDG PET. FSPG PET showed a
trend for a higher sensitivity, specificity and diagnostic accuracy than FDG PET in detecting PDAC metastases in a patient-based
analysis: 95.0%, 100.0% and 95.7%, and 90.0%, 66.7% and 90.0%, respectively. In a lesion-based analysis, FSPG PET identified
significantly more PDAC metastases, especially in the liver, than FDG PET (109 vs. 95; P= 0.0001, 95% CI 4.9-14.6). The
tumour-to-background ratios for FSPG and FDG uptake on positive scans were similar (FSPG 4.2 £4.3, FDG 3.6 +3.0; P =0.44,
95% CI—1.11 to 0.48), despite a lower tumour maximum standardized uptake value in FSPG-avid lesions (FSPG 4.2 + 2.3, FDG
7.7+ 5.7; P=0.002, 95% CI 0.70-4.10). Because of the lower physiological activity of FSPG in the liver, FSPG PET images of
the liver are more easy to interpret than FDG PET images, and therefore the use of FSPG improves the detection of liver
metastasis.

Conclusion FSPG PET is superior to FDG PET in detecting metastasized PDAC, especially in the liver.
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Introduction

Surgery is the only potentially curative treatment for patients
with pancreatic ductal adenocarcinoma (PDAC) [1-3].
However, despite the use of adjuvant therapies, most patients
who initially undergo curative resection still face a high rate of
postoperative recurrence, with a median disease-free survival
of only 11-20 months and an estimated 5-year survival rate of
27% in the USA [4-6]. Studies have shown that the initial site
ofrecurrence is the liver in 70% of patients, and more than half
of the recurrences develop during the first 6 months postop-
eratively. The fact that liver metastases develop so soon after
surgery suggests that cancer cells may have already metasta-
sized to the liver at the time of diagnosis, but current imaging
tools are not sensitive enough to detect these metastases [4].
Although positron emission tomography (PET) with '®F-
fluorodeoxyglucose (FDG) is uniquely able to evaluate cellu-
lar metabolism, it is not adequate for preoperative staging of
PDAC [7]. A study to determine the impact of FDG PET/
computed tomography (CT), compared to contrast-enhanced
CT (ceCT), on the management of 46 patients with presumed
resectable PDAC found only one (1/5, 20.0%) additional liver
metastasis [8], which is far less than the reported incidence of
liver recurrence after resection. Therefore, a more sensitive
radiotracer than FDG is needed to detect liver metastases from
PDAC and avoid unnecessary or even harmful
pancreatectomy.

The x¢ system is a heterodimeric transporter (xCT) that
mediates sodium-independent cellular uptake of cystine in
exchange for intracellular glutamate at the plasma membrane,
a process crucial in the detoxification of reactive oxygen spe-
cies (ROS) in proliferating tumours [9—11]. In a study of nor-
mal human cells and tissues, xCT was found to be predomi-
nantly expressed in the brain, pancreas, and stromal and im-
mune cells, but not in organs preferentially metastasized from
PDAC such as the liver, lung and bone [12]. Although xCT is
not expressed in normal liver and lung, it has been reported to
be expressed in hepatocellular carcinoma (HCC), breast can-
cer and lung cancer, especially in those with a CD44 splice
variant [13]. xCT plays an important role in the regulation of
the redox status in cancer cells.

(4S)-4-(3-"*F-Fluoropropyl)-L-glutamate (FSPG) is a PET
tracer designed to image XCT activity [14, 15]. Based on
cancer-specific upregulation of XCT expression, FSPG PET
has been used for the detection of brain, breast, lung and liver
cancer [14, 16-19]. However, these published trials showed
only a modest effect, which may account for the lack of further
reports on the clinical use of FSPG PET. In contrast, the high
expression of XCT in normal pancreas precludes the use of
FSPG PET in PDAC. On the other hand, if tissue-specific
expression of XCT in normal pancreas is not lost, but is up-
regulated during malignant transformation and metastasis,
FSPG PET would be an ideal tool to detect metastasized

PDAC (based on both cancer-upregulated and tissue-specific
expression of xCT).

PDAC is notorious for its poor prognosis because of early
metastasis and tumour extension along vessels and nerves. We
searched MEDLINE and ClinicalTrials.gov (ClinicalTrials.
gov) and found no trials investigating the use of FSPG PET
in PDAC. For clinicians, accurate staging, especially
identification of occult metastasis, is even more important
than the detection of a small primary tumour. Based on
tissue-specific expression of xCT in normal pancreas, we con-
ducted preclinical and clinical trials to test whether FSPG PET
can detect PDAC metastases undetectable by ceCT or even
FDG PET.

Materials and methods

To determine if xCT expression in normal pancreatic tissue is
lost during malignant transformation or metastases, we mea-
sured xCT expression by anti-xCT immunohistochemical
(IHC) staining in paired samples of normal pancreas and
PDAC (from six patients), and in paired samples of normal
liver and PDAC liver metastases (from two patients). We fur-
ther performed immunofluorescent (IF) staining for xCT in
normal human pancreatic ductal epithelial cells
(HPDE/E6E7) and in three pancreatic cancer cell lines
(AsPC-1, CFPAC-1 and PANC-1).

Cell culture experiments
Cells and culture

Human pancreatic cancer cell lines (AsPC-1, CFPAC-1,
PANC-1, BxPC3, HPAC, HPAF II and SU86-86), normal hu-
man pancreatic ductal epithelial cells (HPDE/E6E7), and nor-
mal human hepatocytes (WRL-68) were obtained from the
American Type Culture Collection (ATCC; Manassas, VA,
USA), and cultured in complete growth medium as suggested
by the ATCC in an incubator at 37 °C in a humidified atmo-
sphere containing 5% CO,.

Immunohistochemistry

Sections of formalin-fixed paraffin-embedded paired pancre-
atic normal and cancer tissues from six patients, and paired
normal liver and pancreatic cancer hepatic metastasis from
two patients were used for [HC analysis. Heat-induced antigen
retrieval was performed using 0.1 M citrate buffer, pH 6.0,
with autoclaving for 20 min. Endogenous peroxidase was
eliminated using 3% H,0,. Slides were blocked with a anti-
xCT antibody prepared in-house (A68; 1:100) in phosphate-
buffered saline (PBS)/10% fetal bovine serum (FBS) over-
night at 4 °C. After washing, the slides were incubated with
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horseradish peroxidase rabbit/mouse polymer before visuali-
zation with liquid diaminobenzidine tetrahydrochloride plus
substrate 3,3'-diaminobenzidine chromogen (Dako REAL
EnVision; DAKO GmbH, Jena, Germany). All slides were
counterstained with haematoxylin. The images were captured
using an Aperio digital pathology system (Leica Biosystems
Nussloch GmbH, Nussloch, Germany). Four fields (x400)
with xCT negative or high expression were evaluated in each
case.

Immunofluorescent staining

Three PDAC cell lines (AsPC-1, PANC-1 and CFPAC-1) and
one normal human pancreatic ductal epithelial cell line
(HPDE/E6E7) were seeded at 1 x 10* cells per well in 24-
well plates. After culture, the cells were washed with PBS
and fixed in cold 4% paraformaldehyde solution for 30 min.
Nonspecific protein epitopes were blocked using 10% FBS
for 1 h. Fixed cells were permeabilized with 0.1% Triton-X-
100 in PBS for 30 min. The primary antibody, anti-xCT
(1:250; Novus International, St. Louis, MO, USA), was dilut-
ed in PBS and incubated with the cells overnight at 4 °C. The
secondary antibody, anti-IgG-conjugated Alexa488 (1:500;
Thermo Fisher Scientific, Waltham, MA, USA), and 4',6-
diamidino-2-phenylindole (1:50,000; Thermo Fisher
Scientific) were diluted with PBS containing Tween and incu-
bated with the cells for 2 h at room temperature. All samples
were measured using an Axiovert 200 M inverted microscope
(Carl Zeiss, AG, Jena, Germany).

Radiopharmaceuticals

All the FDG and FSPG used in this study was prepared in the
PET Radiochemistry Laboratory of National Taiwan
University Hospital, which operates in compliance with
Current Good Manufacturing Practice regulations and is reg-
ularly inspected by the Taiwan Food and Drug
Administration. FDG was synthesized as described previously
[20]. FSPG was automatically synthesized in a modified GE
TRACERIab Fxgpg synthesizer as described previously (GE
Healthcare, Wauwatosa, W1, USA; Supplementary Fig. S1)
[15,21].

In vivo study in tumour-bearing mice

Animals

Severe combined immunodeficiency NOD-CB17-Prkdc*'Y/
NerCriBltw (NOD-SCID) mice (male, 4—6 weeks old, 18 +
2 g) were obtained from BioLASCO Taiwan (Taiwan, ROC).
All mice were kept in an air-conditioned facility with an arti-
ficial 12-h light, 12-h dark cycle (lights on at 6.00 a.m.), and
were provided with a standard laboratory diet and filtered
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water. The mice were acclimated to this environment for at
least 1 week prior to study.

An animal model of PDAC liver metastasis was set up by
orthotopic injection of 2 x 10° PDAC cells (HPAF II) stably
expressing the bioluminescent firefly luciferase (Applied
Biological Materials Inc., LV052, Richmond, BC, Canada)
into the pancreas of seven NOD-SCID mice. PET imaging
was performed 4 weeks after injection of the tumour cells.
FSPG and FDG PET/CT imaging studies were performed less
than 1 day apart weekly for at least 2 weeks. In vivo biolumi-
nescence imaging (IVIS) using a 200 Series Xenogen VIS
imaging system (Caliper Life Sciences, Alameda, CA, USA)
was performed on the second day after completing the last
dual tracer imaging. The mice were then killed and tissues
were analysed histopathologically.

Small-animal PET imaging and analysis

Prior to PET imaging, all animals were fasted overnight with
water provided ad libitum. Small-animal PET imaging
(SEDECAL, SA, Madrid, Spain) was performed in animals
under 2% isoflurane anaesthesia using a nose cone. A 60-min
dynamic imaging scan was started after intravenous injection
of 11.1 MBq of FDG or FSPG via a tail vein and was followed
by a 10-min CT scan. The list-mode PET data were recon-
structed using two-dimensional ordered-subsets expectation
maximization reconstruction with CT-based attenuation cor-
rection. Images were analysed using PMOD 3.606 software
(PMOD Technologies Ltd., Ziirich, Switzerland) in a blinded
manner. A 40% isocontour volume of interest (VOI) was
placed on the area of maximum activity in the tumour lesion,
and the maximum standardized uptake value (SUVmax) was
computed according to the following formula: (decay-
corrected activity/tissue volume) divided by (injected radio-
tracer activity/body mass), with activity expressed in
kilobecquerels, volume in millilitres and mass in grams.
Another spherical VOI was placed on the mediastinal blood
pool to enable computation of standardized uptake value ra-
tios (SUVRs) of the tumours as tumour/mediastinal blood
pool SUVs. Metastases were defined only after confirmation
of their appearances at corresponding locations on serial PET
scans (4 and 6 weeks after tumour implantation) in addition to
histopathological proof.

Studies in patients
Patient selection

This was a prospective open-label, nonrandomized, single-
centre, investigator-driven exploratory study to evaluate the
performance of FSPG PET/CT in detecting metastases in pa-
tients with PDAC. The primary endpoint was to compare the
accuracies, as determined in a patient-based analysis and a
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lesion-based analysis, of FSPG and FDG PET/CT in detecting
metastatic lesions in patients with tissue-proven PDAC. The
secondary endpoints were to determine and compare the semi-
quantification variables from FSPG PET and FDG PET, and to
evaluate the safety profile of FSPG and the incidence of ad-
verse reactions to FSPG.

From September 2016 to February 2018, patients diag-
nosed with stage III (locally advanced) or stage IV
(metastatic) PDAC by ceCT at the Department of Surgery of
the National Taiwan University Hospital were prospectively
enrolled. All patients had histological confirmation of PDAC
by endoscopic ultrasound-guided biopsy. Patients aged
20 years or older with Eastern Cooperative Oncology Group
performance status <2 were invited to participate. Patient in-
clusion depended on the availability of the FSPG radiotracer
in relation to clinical workflow and treatment plans. Patients
with another malignancy diagnosed within 5 years, who re-
ceived abdominal surgery within 3 months, who were preg-
nant or lactating, or who had an uncontrolled medical disease
other than cancer were excluded from the study. Before PET/
CT, all patients underwent conventional staging work-up stud-
ies, including physical examination, laboratory tests, and ab-
dominal ceCT.

Paired PET/CT imaging

FSPG PET was performed in each patient within a week of
FDG PET on the same PET/CT scanner (Discovery PET/CT
710; GE Medical Systems, Milwaukee, WI, USA). FSPG
PET was performed before FDG PET in half of the patients
(odd numbers) and vice versa (even numbers). No treatment
was performed between the two studies. No food restriction is
required before FSPG PET [14]. After intravenous injection of
300 MBq of FSPG, FSPG PET images were obtained 60 min
after injection (5 min per bed position) from the skull base to
the thighs. Patients were encouraged to void their urinary
bladder before and after the scan. No intravenous contrast
medium was given. The CT component of the PET/CT scan-
ner was used only for attenuation correction and anatomical
localization of the PET images. The FDG PET/CT Images
were acquired and processed in a manner analogous to that
used in a previous study [20].

PET/CT data analysis

FSPG and FDG PET/CT images were reviewed independent-
ly in random order, different for the two tracers, during two
different sessions, by two nuclear medicine physicians (M.-
F.C and R.-F.Y) using the built-in software of the PET/CT
system (Xeleris; GE Medical Systems, Milwaukee, WI,
USA). The nuclear medicine specialists had >15 years of clin-
ical experience each and were unaware of the results of other
diagnostic tests or histology. Diverging interpretations were

recorded by a clinical manager, and then resolved by consen-
sus in a consensus reading.

PET/CT images were analysed visually and semiquantita-
tively in a patient-based and a lesion-based analysis.
Abnormal increased tracer activity greater than that of the
surrounding background activity not associated with normal
structures or artefacts on the PET transaxial slices was
analysed visually. The degree of suspicion of an abnormality
was recorded using a three-point visual scale: 2 major uptake,
1 minor uptake, and 0 absent uptake [14]. A lesion was clas-
sified as positive if it was scored as 1 or 2. The number and
location of the areas of abnormal uptake were also recorded in
each patient. Six distant metastatic sites were defined prospec-
tively: lungs, liver, peritoneum, skeleton, extra-abdominal
lymph nodes, and other organs. Each of these areas counted
as one site of metastasis. To avoid excess statistical weighting
of patients with diffuse disease, a maximum of five lesions per
metastatic site were selected as reference lesions in the lesion-
based analysis.

Semiquantitative analysis was performed for each lesion
suspected during visual analysis on both FSPG and FDG
PET. A spherical VOI of 1.5 cm placed on the area of maxi-
mum activity in the tumour lesion was used to determine the
SUVmax. Blood pool VOIs were placed on the aorta to define
the mean SUV (SUVmean) of the blood pool. The SUVR of
each lesion was then derived by calculating the ratio of tumour
SUVmax to the SUVmean of the blood pool. When multiple
lesions were seen in an organ, the SUVmax and SUVR of the
lesion with the highest tracer accumulation were recorded.

Standard of reference

All primary PDAC were histologically confirmed before a
patient was enrolled in the present study. Follow-up data were
collected for every patient enrolled, including physical exam-
ination, histology, medical imaging and biological assays dur-
ing each clinical visit for at least 3 months. Since biopsy and
histopathological confirmation of all metastatic lesions was
neither ethical nor practical, a lesion seen on FSPG PET or
FDG PET that satisfied one of the following criteria was de-
fined as a true metastasis: histopathological confirmation of
metastasis by biopsy; or new or enlarged tumour seen at cor-
responding locations on ceCT performed 3 or 6 months later.
A lesion seen on FSPG PET or FDG PET that did not appear
at the corresponding location on ceCT performed 3 or
6 months later was defined as false-positive. Lesions not de-
tected on PET but seen on ceCT and showing progression on
follow-up ceCT, or those proven by histopathology, were
deemed false-negative. When no follow-up data were avail-
able to assess the nature of a lesion, the site of metastasis was
excluded from analysis. Radiologists who did not participate
in patient recruitment read these ceCT images as part of
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routine clinical follow up, unaware of prior PET results. All
patients were followed up for at least 6 months or until death.

Safety monitoring

Biochemistry profiles, vital signs and electrocardiograms in
all patients were checked before FSPG PET/CT. Vital signs
were measured again after completion of the imaging study.
All examinations were checked again during each patient’s
first visit to the outpatient clinic 1 or 2 weeks after imaging.
All adverse events were recorded and reported to the National
Taiwan University Hospital Ethics Committee.

Statistical analysis

Numerical data are reported as means + standard deviation,
percentages or ranges, unless otherwise specified. The sensi-
tivity, specificity and diagnostic accuracy of FSPG PET and
FDG PET in detecting distant metastases according to the
patient-based analysis were compared. Quantitative and cate-
gorical variables were compared using Student’s ¢ test and
McNemar’s test, respectively, and 95% confidence intervals
(CI) were determined. A two-tailed P value of <0.05 was
considered to be statistically significant. Statistical tests were
conducted using the JMP® version 5 statistical software pack-
age (SAS Institute Inc., Cary, NC, USA).

Study approval

All rodent experiments were performed in compliance with
experimental animal care guidelines and the ARRIVE guide-
lines, and were performed under protocols approved by the
Institutional Animal Care and Use Committee and approved
by the Laboratory Animal Center of National Taiwan
University College of Medicine (no. 20140277).

The clinical study protocol was approved by the National
Taiwan University Hospital Ethics Committee (no.
201512084MINC) and the Taiwan Food and Drug
Administration, and registered with ClinicalTrials.gov
(NCTO03144622; ClinicalTrials.gov). All participants
underwent PET/CT after providing written informed consent.

Results

Expression of xCT in normal pancreas is not lost
during malignant transformation or metastasis

On IHC staining, XCT expression was found to be moderate in
normal pancreatic tissue, strong in primary PDAC, weak in
normal liver tissue, but strong in PDAC liver metastases
(Fig. 1a). IF staining for xCT was seen in all normal and
malignant cells (Fig. 1b). These findings indicate that xCT

@ Springer

expression in normal pancreas is not lost during malignant
transformation or metastasis. Therefore, the use of xCT ex-
pression on FSPG PET to trace the migration of PDAC cells
is feasible.

Animal studies show FSPG PET, compared to FDG PET,
detects more PDAC liver metastases both earlier
and at a higher standardized uptake value ratio

Four weeks after orthotopic injection of PDAC cells FDG
PET detected liver metastatic lesions in two (28.5%) of seven
mice (Supplementary Table S1). FSPG PET detected not only
all liver lesions detected by FDG PET in these two mice, but
also additional liver metastatic lesions in another three mice
(Supplementary Fig. S2). Six weeks after injection of pancre-
atic cancer cells, FDG detected two liver metastases in two
mice, one liver metastasis in four mice, and no liver metasta-
ses in another mouse. All these liver metastases detected by
FDG PET were also detected by FSPG PET. FSPG PET also
detected liver metastases in an additional mouse. FSPG pro-
vided significantly better contrast between tumour and back-
ground activity than FDG (FSPG SUVR 4.8 +1.4, FDG
SUVR 3.0+ 1.0; P=0.02), even though the SUVmax of
FSPG was lower (FSPG SUVmax 1.8+0.9, FDG SUVmax
2.6£0.6; P=0.04; Supplementary Fig. S3). All metastatic
lesions seen on PET and IVIS imaging were histopathologi-
cally confirmed.

Studies in patients
Patients and safety profile of FSPG PET

A clinical study was performed in 23 PDAC patients. All had
tissue-proven PDAC by endoscopic ultrasound-guided biop-
sy. ceCT performed at the time of diagnosis showed liver
metastases (stage IV) in 13 patients and no metastases, but
locally advanced PDAC (defined as abutting the superior mes-
enteric or celiac artery or encasing the artery by more than 180
degrees) in ten patients. The demographic characteristics of
these patients are shown in Table 1. All patients tolerated
FSPG PET well with no adverse effects observed. Of the 23
patients, 19 (82.6%) had a follow-up ceCT scan performed 3
and 6 months after dual FDG and FSPG PET/CT scans. The
remaining four patients (17.4%) had only one follow-up ceCT
scan performed 3 months after the dual PET scans because of
disease progression.

Patient-based analysis

In this proof-of-concept study, both FSPG and FDG PET suc-
cessfully identified stage IV disease in all of 13 patients with
stage IV PDAC. Of 10 patients with stage III PDAC, 7
(70.0%) were found to have metastatic lesions on follow-up
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Normal Pancre
N PP 4

Fig. 1 System xc transporter (xCT) expression in pancreatic tissues and
cell lines. a Immunohistochemical analysis of normal pancreatic, pancre-
atic ductal adenocarcinoma (PDAC), normal liver, and PDAC liver met-
astatic tissues. 3,3’-Diaminobenzidine (DAB) staining (brown) shows the
strength of xCT expression. Under the same staining conditions, xCT
expression in PDAC tissue is stronger than in normal pancreatic tissue.

Table 1  Demographic characteristics of the 23 patients with pancreatic

cancer

Characteristic Value
Age (years), mean + SD 62.9+13.3
Sex (M/F), n 15/8
Diabetes mellitus, 7 (%) 8 (34.8)
Chronic hepatitis, n (%) 5@21.7)
AST (U/L), median (range) 33 (14-205)
ALT (U/L), median (range) 26 (6-467)
Bilirubin (mg/dL), median (range)
Total 0.8 (0.4-16.0)
Direct 0.2 (0.1-8.8)
Amylase (U/L), median (range) 43 (20-121)
Lipase (U/L), median (range) 44 (12-341)

Glucose (mg/dL), median (range)
CEA (ng/mL), median (range)
CA19-9 (U/mL), median (range)
Tumour location, 7 (%)

108 (91-183)
6.8 (0.7-251.4)
752.6 (2.5-28,921.1)

Head 14 (60.9)

Body 8 (34.8)

Tail 14.3)
Stage, n (%)

I 10 (43.5)

v 13 (56.5)

AST aspartate aminotransferase, ALT alanine aminotransferase, CEA se-
rum carcinoembryonic antigen, CA/9-9 carbohydrate antigen 19-9

Liver metas

e
g okl
i \ Wi

1,

xCT expression in PDAC liver metastatic tissue is also stronger than in
normal liver tissue. b Immunofluorescent staining of three PDAC cell
lines (AsPC-1, CFPAC-1 and PANC-1) and one normal human pancre-
atic ductal epithelial cell line (HPDE/E6E7) double-stained with xCT
(green) and 4',6-diamidino-2-phenylindole (DAPI, blue). xCT expression
is present in all normal and malignant pancreatic cell lines

ceCT performed 3 or 6 months after diagnosis. FDG PET
correctly identified metastases in 5 of 7 patients (71.4%).
One patient had a hepatic abscess misdiagnosed as metastasis
by FDG PET (Supplementary Fig. S4). In contrast, FSPG PET
detected metastases in 6 of 7 patients (85.7%). The sensitivity,
specificity, and diagnostic accuracy of FSPG PET and FDG
PET were 95.0%, 100.0% and 95.7%, and 90.0%, 66.7% and
90.0%, respectively. FSPG PET showed higher sensitivity and
specificity than FDG PET in detecting PDAC metastases, but
the difference was not statistically significant.

Lesion-based analysis

Variable expression of FSPG PET in primary PDAC Primary
PDAC were all FDG-avid, but showed variable uptake of
FSPG. Physiological FSPG activity in normal pancreatic pa-
renchyma led to an expected decreased visualization of pri-
mary PDAC on FSPG PET, as seen in 9 of 23 patients
(39.1%). Surprisingly, increased FSPG avidity of the primary
PDAC was observed in 14 of 23 patients (60.9%), with a
mean SUV of 6.6 +1.0 and SUVR of 6.8 +2.6 (Fig. 2).

FSPG PET detects more metastases in patients with PDAC
than ceCT or FDG PET To avoid statistical bias due to counting,
a maximum of five lesions per metastatic site per patient were
selected as reference lesions for the lesion-based analysis. All
these metastatic lesions were confirmed as metastases by his-
topathology or their appearance in the corresponding locations
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Fig. 2 Total numbers of lesions positive for (48)-4-(3-'*F-fluoropropyl)-
L-glutamate ("®F-FSPG) and '8F—ﬂu0rodeoxyglucose ('8F-FDG) in
various anatomical sites, including the pancreas, lungs, liver,
peritoneum, skeleton, extra-abdominal lymph nodes (LN), and other
organs

on ceCT performed 3 or 6 months later. At the time of diag-
nosis, 65 metastatic lesions were detected on initial ceCT in 13
patients with stage IV PDAC (Supplementary Table S2).
Follow-up ceCT performed 3 months later detected an addi-
tional 39 metastases in patients with stage 11l PDAC and 40
lesions in patients with stage IV PDAC (Table 2). Together, a
total of 144 metastases were found on follow-up ceCT, 78 in
the liver (22 in patients with stage III PDAC, 56 in patients
with stage IV PDAC).

We evaluated the sensitivity of FSPG and FDG PET in
detecting 144 metastatic reference lesions in 23 patients with
PDAC (Table 2). The locations of the distant metastases are
shown in Fig. 2. The overall sensitivities of FDG and FSPG

Table 2

PET in 144 reference lesions seen on follow-up ceCT in 23
PDAC patients were 66.0% (95/144) and 75.7% (109/144),
respectively. In patients initially diagnosed with stage 111
PDAC, FDG and FSPG PET were able to predict 9 (23.1%)
and 17 (43.6%) of 39 metastases, respectively, seen on follow-
up ceCT. FSPG PET correctly identified significantly more
metastases than FDG PET in patients with stage IIl PDAC,
stage IV PDAC and combined stage III and IV PDAC
(Table 2). In patients who showed positive PET lesions, albeit
lower metastatic tumour SUVmax on FSPG PET than on
FDG PET (FSPG SUVmax 4.2+2.3, FDG SUVmax 7.7+
5.7, P=0.002, 95% C10.70 to 4.10; Fig. 3a), the lower back-
ground FSPG activity rendered the tumour SUVR similar to
that of FDG (FSPG SUVR 4.2+4.3, FDG SUVR 3.6 +3.0;
P=0.44,95% CI —1.11 to 0.48; Fig. 3b).

Of the 23 patients, 14 (60.7%) had nonhepatic PDAC me-
tastases: 46 lesions were detected on FDG PET and 48 on
FSPG PET. In two patients with stage IV PDAC, FSPG PET
detected an additional extra-abdominal lymph node metastasis
in one and a rib metastasis in the other. Since the difference in
detecting nonhepatic PDAC metastases between FSPG and
FDG PET was small and the liver is the preferred metastatic
organ in PDAC, only those patients with hepatic metastases
were analysed.

A total of 78 hepatic metastases were seen on follow-up
ceCT: 22 in patients with stage IIl PDAC and 56 in patients
with stage IV PDAC (Table 2). The overall sensitivities of
FDG and FSPG PET in identifying 78 reference liver metas-
tases seen on follow-up ceCT in 23 PDAC patients were
62.8% (49/78) and 78.2% (61/78), respectively (Fig. 4). In
patients initially diagnosed with locally advanced PDAC
(stage III), FDG and FSPG PET predicted 4 (18.2%) and 12
(54.5%) of 22 liver metastases, respectively, seen on follow-
up ceCT (Table 2 and Fig. 5). Likewise, FSPG PET correctly
identified significantly more hepatic metastases than FDG
PET in patients with stage III or combined stage III and IV

Number of distant metastases detected in 23 patients with pancreatic cancer

Positive FDG PET lesions, n (%)

Positive FSPG PET lesions, 7 (%)

Follow-up ceCT, n P value® (95% CI)

All metastases

Stage 111 9(23.1) 17 (43.6)

Stage IV 86 (81.9) 92 (87.6)

Combined 95 (66.0) 109 (75.7)
Liver metastases

Stage 111 4(18.2) 12 (54.5)

Stage IV 45 (80.4) 49 (87.5)

Combined 49 (62.8) 61 (78.2)

39 0.008 (7.8 to 33.2)
105 0.03 (1.3 to 10.2)
144 0.0001 (4.9 to 14.6)
22 0.008 (16.3 to 56.5)
56 NS (0.40 to 13.89)
78 0.001 (7.4 to 23.4)

A maximum of five lesions per location were counted per patient to avoid statistical bias
FDG "8 F-fluorodeoxyglucose, PET positron emission tomography, FSPG (45)-4-(3-'® F-fluoropropyl)-L-glutamate, ceCT contrast-enhanced computed

tomography, CI confidence interval, NS not significant

2 Comparing true-positives between FSPG and FDG PET/CT using the McNemar x° test
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Fig. 3 Tumour maximum standardized uptake values (SUVmax) and
tumour-to-blood pool SUV ratios (SUVR) of PET-positive lesions

PDAC (Table 2). Similarly, the hepatic tumour SUVmax of
FSPG was lower than that of FDG (FSPG SUVmax 5.2 +2.8,
FDG SUVmax 9.7 +7.4; P=0.03, 95% CI 0.20 to 7.20; Fig.
3a), but the hepatic tumour SUVRs of the two tracers were not
significantly different (FSPG SUVR 5.4+5.7, FDG SUVR
4.4+3.4;P=0.36;95% CI1—1.96 to 1.34; Fig. 3b). The lower
physiological activity of FSPG in the liver rendered the detec-
tion and image interpretation of liver metastasis easier than
with FDG PET.

Fig. 4 '8F-FSPG PET/CT (a),
¢eCT (b) and '*F-FDG PET/CT
(c) images, and ceCT images ob-
tained 3 months after initial im-
aging (d), in a 75-year-old man
with stage IV pancreatic cancer.
8E_FSPG PET/CT consistently
showed more lesions than ceCT
and "SF-FDG PET/CT.
Arrowheads () indicate lesions
detected by '*F-FSPG, '*F-FDG
and ceCT, and curly arrows
(wasp) indicate lesions detected
only by "*F-FSPG (confirmed by
their appearance at corresponding
locations in the liver on ceCT
performed 3 months later)

Discussion

As reported elsewhere, we found that FSPG PET was well-
tolerated with no adverse events in any of the 23 studied
patients [14, 19, 22]. As shown in the patient-based analysis
in this study, FSPG PET showed a trend for higher sensitivity,
specificity and diagnostic accuracy than FDG PET: 95.0%,
100.0% and 95.7% for FSPG PET, 90.0%, 66.7% and
90.0% for FDG PET, respectively. However, this difference
between FSPG PET and FDG PET was not statistically sig-
nificant owing to the limited number of patients enrolled in
this proof-of-concept study. As shown in the lesion-based
analysis, FSPG PET identified significantly more PDAC me-
tastases, especially liver metastases, than FDG PET. Detection
of metastases not detectable on CT is especially important in
patients initially suspected to have only stage IIl PDAC, as
this information will change disease staging and hence the
clinical management: FSPG PET detected 17 of 39 metastases
(43.6%) not seen on baseline ceCT at least 3 months earlier,
whereas FDG PET detected only 9 lesions (23.1%).

The premise of detection of metastasized PDAC by FSPG
PET is that expression of XCT in pancreatic tissue is not lost
during malignant transformation or metastasis. In accordance
with previous reports, we confirmed that xCT expression in
normal pancreas (tissue-specific) is not only not lost but also
upregulated during malignant transformation and metastasis
(cancer-upregulated) [23]. In a clinical trial in ten patients with
non-small-cell lung cancer (NSCLC) and five patients with
breast cancer, FSPG PET detected 59 (88%) of 67 FDG
PET-detected NSCLC lesions and 30 (41%) of 73 FDG
PET-detected breast cancer lesions [14]. In another trial in

" 3-mon CT
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Fig.5 Transaxial PET/CT images in an 82-year-old woman with stage III
pancreatic body ductal adenocarcinoma. No hepatic metastasis are seen
on the '®F-FDG PET/CT images (a, e) or the contrast-enhanced abdom-
inal CT images (¢, g). The 8E_FSPG PET/CT images (b, f) show at least

11 HCC patients, FSPG PET detected 75% of lesions seen on
CT and MRI [17]. Therefore, our study confirmed the hypoth-
esis that, based on tissue-specific and cancer-upregulated ex-
pression of xCT, FSPG PET performed better in detecting
metastasized PDAC than in detecting breast, lung and liver
cancer.

Our clinical study showed that in all patients with stage [V
PDAC, liver metastases presented as hot spots on FSPG and
FDG PET. Primary PDAC lesions were all FDG-avid, but
showed variable uptake of FSPG. Possible explanations for
primary PDAC presenting as cold areas on FSPG PET images
include: (1) the fibrotic stroma in PDAC decreases tumour
cellularity and hence uptake of the radiotracer is decreased,
and (2) physiological expression of xCT in normal pancreatic
tissue leads to high background activity and hence lesion-to-
background visualization of tumour tissue is decreased. In
contrast, the low background activity in the liver explains
why all PDAC liver metastases presented as hot spots on
FSPG PET images. The superior ability of FSPG PET over
FDG PET to detect PDAC metastases may also be because
expression of XCT is upregulated in cancer tissue to maintain
cellular redox balance in severe conditions of oxidative stress
from anaerobic metabolism [24].

Of note, uptake of radiopharmaceuticals in normal pancre-
as could be associated with either exocrine or endocrine phys-
iological activity. Other authors have demonstrated decreased
protein synthesis in rodents receiving a specific diet [25, 26].
Therefore, it is theoretically possible to decrease uptake of
FSPG in normal pancreas by dietary restriction, thereby en-
hancing the tumour-to-nontumour ratio in the main pancreas.
However, our FSPG PET protocol was the same as that used

@ Springer

three small foci of mild to moderate uptake in the liver (arrows and
arrowheads; not all lesions are shown), suggestive of hepatic metastases.
These hepatic metastases are evident on the contrast-enhanced CT images
(d, h) obtained 3 months later

by Baek et al. [14], and no specific dietary restriction was
instituted. This lack of dietary control may also explain the
variable FSPG uptake in the main PDAC in our cohort. It
would be interesting to observe the effect of specific diets on
the uptake of FSPG in normal pancreas, i.e. using diet to
decrease the normal physiological FSPG uptake to better vi-
sualize neoplastic pancreatic cells. Clearly, a more complete
understanding of the cellular mechanisms affecting pancreatic
cancer growth and FSPG uptake is needed.

xCT has been reported in stroma and immune cells and,
theoretically, benign lesions with abundant stroma and im-
mune cells will also show FSPG uptake. In this regard, pa-
tients with viral hepatitis or bile duct obstruction may show an
increase in immune cells, hepatic stellate cells, and stroma.
Such increases may lead to decreases in FSPG tumour-to-
background ratios, and hence, increases in the rate of false-
positive findings. In contrast, the mice studied were young
and had healthy liver, resulting in higher FSPG tumour-to-
background ratios in preclinical studies than in clinical trials.
Of course, the detected lesions in our study could have been
false-positive resulting from abundant stroma cells and im-
mune cells. However, lesions seen on FSPG or FDG PET
were diagnosed as metastases only if they satisfied one of
the following conditions: histopathological confirmation of
metastasis by biopsy, or new or enlarged tumour seen at cor-
responding locations on serial follow-up ceCT. Of 23 patients
in our study, 5 (21.7%) were receiving treatment for chronic
hepatitis B. Their tumour SUVmax or SUVR were not signif-
icantly different from those of patients without chronic liver
diseases. There were no false-positive FSPG PET findings in
our study cohort, probably owing to the small number of
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patients enrolled since this was a proof-of-concept study; in-
stead, one patient was found to have a hepatic abscess show-
ing intense FDG uptake, but a cold area on FSPG PET images
(Supplementary Fig. S4). Prospective studies enrolling a larg-
er number of patients are warranted to assess the detection rate
of FSPG PET in relation to chronic liver diseases.

Patients with the earliest stage of PDAC have a survival
rate of only 30% [27]. This suggests that, even very early in
the course of the disease, tumour cells have spread to distant
parts of the body [27]. Our study suggests that FSPG PET may
allow unnecessary pancreatectomy to be avoided in patients
with metastases not detected on ceCT. In addition, FSPG PET
indirectly examines the in vivo expression of ROS in tumours,
which can potentially be used to monitor chemotherapy re-
sponses in patients with PDAC. Using FSPG PET to select
and monitor patients for target therapies may also hold prom-
ise [28-30].

There were several limitations to this study. First, the small
number of patients limited the statistical power. Nonetheless,
this proof-of-concept study indicated the promising sensitivity
of FSPG PET/CT, which requires further evaluation in a larg-
er, adequately powered prospective cohort study. Second, his-
topathological confirmation of liver metastases detected by
FSPG or FDG PET/CT was not possible or ethical in all pa-
tients, particularly in those with small lesions and lesions in
locations where biopsy would have been difficult or risky.
Even so, all lesions detected on PET but not ceCT were de-
fined as metastases only after they were identified at corre-
sponding locations on subsequent follow-up ceCT performed
3 and 6 months after initial imaging. This rather brief follow-
up period may have led to underestimation. Moreover, in pa-
tients without histological confirmation of disease, the number
of metastases present on follow-up ceCT was used as the gold
standard, which would also have led to underestimation of
sensitivity in this prospective study. We did not perform tissue
correlation of FSPG uptake by IHC staining for xCT and
CD44 because we found that normal pancreatic tissues al-
ready expressed high levels of xCT, an expression not lost
during malignant transformation. Nonetheless, it would be
prudent to perform such IHC staining in future prospective
trials with larger numbers of patients and obtain histological
verification of FSPG PET-positive lesions so as to verify the
results of our study.

In summary, this prospective study confirmed that FSPG
PET is a safe and effective method for detecting metastasized
PDAC. FSPG PET is more sensitive than FDG PET for early
detection of liver metastases. A study with a greater number of
patients, especially patients with resectable PDAC, is warrant-
ed to determine the incremental effect of additional FSPG
PET imaging.
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